This research deals with the use of geostationary satellite based rainfall estimation for characterizing storm severity. The objectives of this research are to estimate storm rainfall intensity by using Multi-functional Transport Satellite (MTSAT) blended with C-band rainfall radar data and to show the severity of the identified storm rainfall intensity by representing its return period map. A regional frequency analysis (RFA) method developed by Hosking and Wallis (1997) is used to define the frequency distribution of long-term hourly maximum rainfall over Hokkaido Island. RFA indicates that Generalized Normal/Log Normal three parameters (GNO/LN3) is suitable to describe the frequency distribution of long-term hourly maximum rainfall over Hokkaido Island. Characterization of severity of 24 August 2010 storm event has been performed over Ishikari river basin, Hokkaido according to estimated rainfall using MTSAT data. Even though the return period map shows underestimation in comparison with the current situation of flood event in Ishikari river basin, this information is useful for flood control and mitigation.
INTRODUCTION
Evaluation of post extreme flood event is important regarding to disaster prevention and mitigation. Such evaluation can be accomplished by characterizing the severity of flood event such as by performing frequency analysis to quantify its return period. The flood's return period serves as the information for designing flood mitigation or flood control structures. However, the problem arises when there is no discharge available that corresponds to the event due to the damage of river measurement gauge caused by flash flood itself. To overcome such problem, rainfall frequency estimates are often used to describe the characteristics of flood events by calculating the return period of the greatest point rainfall intensity within the storm that is considered as the return period of the storm. 1) However, the characterization flood by rainfall information sometimes is hampered by the limited number of raingauge. Therefore, combining point measured raingauge data with spatially distributed rainfall estimation is of great advantage.
Meteorological satellite remote sensing technology plays an important role in providing rainfall information. The global coverage of the satellite makes its suitable for providing data for the regions, which lack rainfall gauge measurement. Moreover, satellite remote sensing has regular and repetitive data acquisition, which gives an advantage for environmental monitoring purpose.
The use of satellite remote sensing is also motivated by the occurrence of devastating hazard, triggered by severe rainfall events such as flash flood. Autoestimator 2) followed by Hydroestimator is geostationary satellite infrared based extreme rainfall algorithm that has been operationally used for flash flood monitoring in the US.
Long-term rainfall record from point measurement by raingauge is used to describe the frequency distribution of the location of gauge stations. Regional frequency analysis (RFA) such as developed by Hosking and Wallis 3) is mainly used to estimate the regional frequency distribution over a defined region. The appropriate extreme frequency distribution is used to assess the return period of the current extreme event that can be spatially monitored by remote sensing rainfall estimation. Some researchers have been using radar 1) and satellite rainfall information from Tropical Rainfall Measuring Mission (TRMM) 4, 5) . The return period information is very useful for characterizing the severity of extreme event such as storm 1) . This research deals with the use of geostationary satellite based rainfall estimation for characterizing storm severity. The objectives are threefold: (i) to estimate storm rainfall by using Multi-functional Transport Satellite (MTSAT) blended with C-band rainfall radar; (ii) to analyze the regional frequency hourly maximum rainfall; (iii) to show the severity of the identified storm rainfall by representing its return period map according to the regional frequency distribution.
STUDY AREA AND DATA
The study area is the whole Japan and its surrounding area where the coordinate boundary is between 30°N to 50°S and 120°E to 150°E (window size 20°x 30°). We focus on June -September 2010.
MTSAT data combined with C-band radar are employed to perform rainfall estimation. MTSAT images of the study area, covering study period were downloaded from website WebGMS-MTSAT/GMS (HIMAWARI) data processing on WWW, Earthquake Research Institute & Institute of Industrial Science, University of Tokyo (http://webgms.iis.u-tokyo.ac.jp).
The rainfall dataset of the same time period was derived from raingauge as well as C-band radar (4 -8 GHz frequency) acquired by Automated Meteorological Data Acquisition System (AMeDAS). The temporal resolution of MTSAT and C-band radar is 1 hour and 10 minutes respectively. Fig. 1 shows the coverage of rainfall estimation by using MTSAT and C-band radar. For the RFA purpose a long-term record of maximum yearly rainfall data over Hokkaido Island is used. In this case we use hourly rainfall data collected from 137 AMeDAS rainfall stations over Hokkaido Island during the period 1980 -2010 except for year 1989 and 2002 (28 years in total).
METHODOLOGY
The methodology of this research contains two main parts; the first satellite rainfall estimation by using MTSAT satellite datasets, and the second regional frequency analysis by using Hosking and Wallis method (1997). Fig. 2 shows the brief flow chart of the research and next section is the explanation of such diagram.
(1) Satellite rainfall estimation The satellite rainfall estimation by using geostationary satellite is based on an indirect relationship between cloud top temperature depicted by infrared (IR-10.8 μm) channel and rainfall rate (RR) derived by another devices. Misra et. al. uses IR data from Indian Satellite (INSAT-1D) and rainfall intensity form raingauge measurement to show the IR and RR relationship 6) . The combination of IR data from GOES image with rainfall radar is used by Autoestimator for storm rainfall estimation 2) . The other research used the combination of both IR and RR from satellite information such as MSG with TRMM 7) . In this study we use MTSAT IR channel 1 (IR1) dataset and C-band rainfall radar to derive cloud top brightness temperature and rainfall rate information respectively. Furthermore, we use additional information, i.e., cloud type which is included in the rainfall estimation process.
The relation uses an assumption where the colder temperature corresponds to heavier rainfall. However, this assumption is reasonable only for convective cloud type and relatively unreliable for other cloud types such as cirrus (cold but light or no rain) and Stratiform clouds (warm but wet) 8) . In this regard, cloud type classification is necessary to be performed to identify the distribution of convective storms rainfall 9) . We use 2-dimensional (2-D) threshold diagram cloud type classification that based on MTSAT split window to conduct cloud type classification. There are two steps for threshold diagram classification i.e., cloud detection and cloud analysis. In the cloud detection by using MTSAT, we identify the cloud pixel based on the following relations: 10) Cloud over land: IR clear -IR1 > 20K Cloud over sea: IR clear -IR1 > 7K
(1) Where IR clear and IR1 are the IR1 clear-sky brightness temperature and IR1 total-sky brightness temperature respectively. IR clear is derived as the maximum value of all IR1 images during August 2010. The next step is cloud analysis by using the 2-D threshold diagram (see Fig. 3 ) to get the final result of cloud type classification. By using cloud type map resulted from the cloud classification, we separate Cumulonimbus (Cb) cloud type from the other types.
The C-band radar information that collocated at the same space and time with MTSAT image had been acquired. Based on collocated MTSAT and C-band rainfall radar, a pair of brightness temperature and rainfall rate (hereinafter BT and RR respectively) dataset can be generated. A regression line can be developed to represent the statistical relationship between BT and RR for storm rainfall estimation.
We develop some pairs of BT and RR according to the several storm events during the period of June -September 2010 and draw an average BB and RR regression line. classification by using IR1 and BTD12 of MTSAT datasets.
9)
The rainfall estimation associated with such statistical relationship then will be validated by using raingauge measurement. Spatial validation by calculating spatial correlation will be performed for a selected storm event.
(2) Regional Frequency Analysis Frequency analysis is the estimation of how often the specified event will occur. This is a tool for determining design rainfall or design discharge in a certain return period for the purpose of drainage work and structure. In the context of disaster management, frequency analysis is used for assessing the return period of an extreme event.
The conventional frequency analysis usually uses data derived from single station (e.g., one raingauge or one rivergauge). If there are many stations which are distributed within a suitably defined region, regional frequency analysis (RFA) should be used instead of the conventional frequency analysis. In this study, we use RFA method developed by Hosking and Wallis (hereinafter HW-RFA).
The first step of HW-RFA is data screening. The purpose of screening the data is to eliminate the gross error and inconsistencies and to check whether the data are homogeneous (stationary) over time. For screening the data, the discordancy measure (D i ) is used. The D i is defined by:
Where u i is the vector of L-moments, L-coefficient of variation (LCv), L-coefficient of skewness (LCs) and L-coefficient of kurtosis (LCk) for a site i. An appropriate frequency distribution is chosen by inspecting the goodness of fit between LCk versus LCs for various commonly used distributions duration with the corresponding relation obtained from the at site and regional data. This process is performed by using the Z-statistic as well as graphical method (LCs and LCk diagram).
RESULTS AND DISCUSSIONS (1) Rainfall estimation based on BT and RR statistical relationship
During the period June -September 2010, we selected storm event cases by inspecting both raingauge measurement data as well as MTSAT image to select storm rainfall events. According to the inspection, we notify that storm events is strongly correspond to the distributed rainfall which is more than 30 mm/h. Based on such criterion, 20 storm events were selected. For each event we develop BT and RR pairs by using MTSAT and C-band radar and draw the statistical regression. In this study we use a modified exponential model to represent the statistical relationship. Furthermore, we reselect the events that show strong correlation between BT and RR finally obtain 10 storm events that have correlation coefficient ranging from 0.73 -0.92. According to those 10 storm events, an average BT and RR relationship is generated by using modified exponential regression model. Where RR is estimated rainfall and BT is brightness temperature from MTSAT IR1. Fig. 4 shows the regression lines of average BT and RR relationship as well as the error bars. Fig. 4 show the deviation of rainfall rate became larger for lower cloud top temperature. The average deviation is about 7.7 mm/h, however there are several cases which have quite large deviation. A calibration process is necessary for future work.
By using the regression equation, the rainfall estimation based on MTSAT IR1 can be performed. Fig. 5a shows an example case of rainfall estimation result over Kyushu Island for a rainfall case on 22 June 2010 at 11:30 UTC. A validation has also been conducted by comparing rainfall estimation with measured rainfall over the same time and target region. Some point raingauge measurement had been spatially interpolated by using Block Kriging method and the result is presented in Fig. 5b . Both  Fig. 5a and Fig. 5b show the comparison of rainfall estimation result with the measured rainfall (for land area). The spatial correlation is 0.79 and it confirms a good agreement between estimated and measured rainfall though according to Fig 5a, there are some location in the Kyushu Island where rainfall has been estimated, but actually there are no rain as shown for the same location in Fig 5b. 
(2) RFA of Hokkaido Island
The average value of long-term 1 hour maximum yearly rainfall is calculated for each station. Therefore, these values are interpolated by using inverse distance weight method for Hokkaido Island that is shown in Fig. 6a . 
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The distribution of this 1 hour long-term average maximum rainfall seems to be influenced by the topography since the western part has higher maximum rainfall than the eastern part which is clearly divided by the topography (see Fig. 6b ). The western and eastern region is denoted by sub region A and B respectively. These sub-regions are considered as 'the region' for RFA. The result of screening data shows that there are 4 and 1 stations in sub region A and B respectively which are discordant (see Fig. 7) .
The heterogeneity measure confirms that the H 1 -statistic are -1.53 and -1.89 for sub region A and B respectively. Those of H 1 values are less than 1 which means both sub region is acceptably homogeneous. Table 1 . MTSAT based rainfall estimation and return period mapping methodology used in this study.
Choice of frequency distribution is conducted by calculating Z-statistic for five candidate of three parameters frequency distribution i.e. Generalize Logistic (GLO), Generalize Extreme Value (GEV), Generalize Normal (GNO) or Log Normal-three parameters (LN3), Log Pearson III (PE3) and Generalize Pareto (GPA). The Z-statistics value of those frequency distribution for sub region A and B is shown in Table 1 . Considering the fit of distribution is satisfactory if |Z| < 1.64, it confirms that GNO/PE3 distribution is suitable for both region A and B (see the bold value in Table1). Fig.  8a and 8b show the identification of regional frequency distribution using HW-RFA moment ratio LCs LCk diagram for sub region A and B. The red dots denote the position of the value of regional LCs LCk for the respective regions. rainfall over Ishikari river basin caused floods and landslides. Two people were reported to have died in this disaster. Here, we apply the GNO/LN3 distribution to characterize such storm event. Fig. 9a shows the spatial distribution of estimated rainfall derived by BT and RR relationship over Ishikari river basin during such storm event at 5:00 PM local time. The highest rainfall estimated within the Ishikari river basin is about 16 mm/h. Furthermore return period map is generated for this rainfall data, based on the GNO/LN3 distribution. The calculated return period is presented in Fig. 9b . It shows that the maximum return period for this case is 5 year which corresponds with the maximum estimated rainfall.
The rainfall estimation as well as the calculated return period seems underestimated when compared with the reported storm event. It is most probably because both rainfall estimation and the calculated return period are considered as snapshot events. Nevertheless, spatial distribution of return period serves as an important information that represents the severity of extreme event which is useful in for flood control and mitigation. 
CONCLUSIONS
In this study, the rainfall estimation is conducted for Japan area and its surrounding by using BT and RR relationship. Those BT and RR are derived from MTSAT IR1 and C-band rainfall radar respectively. Storm severity analysis is performed in Ishikari river basin especially for 24 August 2010 storm event. The BT and RR relationship shows the deviation of RR became larger for lower BT. The average deviation is about 7.7 mm/h, therefore a calibration analysis is need for future work. However a validation over Kyushu Island rainfall case shows promising result. RFA indicates that GNO/LN3 distribution is suitable to describe the frequency distribution of maximum rainfall event in two sub regions in Hokkaido Island. Even though the return period is underestimated compared with the current situation of flood event in the Ishikari river basin, this information is useful in for flood control and mitigation.
